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DESIGN INCLUDING CONSIDERATION OP CHANGE OP ENTOOPT 
WITH RADIUS DOWNSTREAM OP BLADE ROW 
By James E. Batchy Charles C. Glamatl, and Rohert J. Jackson 


SUMMARY 

An Investigation was made of. the validity of application of the 
simplified-radial- equilibrium equation to axial- flow turbomachines. Two 
types of calculations based on the assumption of simplified radial equi- 
librixmi were made of radial distributions of axial velocities for com- 
parisons with data from seyeral compressor configurations. One type of 
calculation incorporated the measured radial variation of stagnation- 
pressure losses by means of a term in the radial- equilibritm equation 
expressing the radial variation of entropy. The second type of calcula- 
tion did not include this term. 

In order to compute accurately the radial variation of velocities, 
it was necessary in general to Include the measured stagnation- pressure 
losses in the simplif led-radlal-equillbrlum eqiiation. Ihe assvmptlon of 
zero radial gradient of entropy was invalid for the calculation of ve- 
locities at axial stations more than one or two blade rows downstream 
from a region of uniform entropy. At an axial station following several 
stages of a multistage compressor, large discrepancies were observed 
between measured velocities and velocities confuted from the simplified- 
radial- equilibrium calc\alation which neglected the entropy term, while 
the incorporation of the entropy term led to calculated velocities which 
agreed closely with data. 

Very close agreement was observed between the velocities calculated 
by using an entropy gradient and measiired velocities in the boundary- 
layer regions at the hub and tip while the second type of calcialation, 
with the entropy gradient neglected, was not correct. This trend sug- 
gests that the blockage effect of the boundary layer can be taken into 
account by a design assumption of the boundary- layer stagnation-press'ure 
profile based upon available boundary- layer loss data. 
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A velocity-diagram design method, based upon the results of this 
Investigation and including the effect of the estimated stagnation pres- 
sures on the design axial- velocity profile, is suggested in this report. 


IHTRODQCTlOir 

The design procedure currently in use for a multistage axial-flow 
compressor la divided into two phases, the first of which is concerned 
with the determination of stage velocity l ag-rftmft for the inlet and out- 
let to the various blade rows, while the second is concerned with the 
selection of blade shapes which will yield these diagrams. In the first 
phase the radial- equilibrium condition (the radial c exponent of the 
equation of motion) is used. This condition specifies the radial pres- 
sure gradient that is necessary to provide the centripetal force to 
maintain a curved flow path (refs. 1 to 3) through the compressor. 

In design work a form of the radial- equilibrium condition which has 
been used is given in reference 1 (eq. (14)) as (in the terminology of 
this report) 



ds 

5 ? 


+ t ^ 


r or ^ or 


bVr 


CD 


This equation was derived \inder the assunptlon of axially symmetric 
flow in a fluid of negligible viscosity. When the equation is applied 
to an axial station at the inlet or outlet of a blade row, the blade- 
force term represented by is zero. 


(-'.&) 


of 


In reference 1, the effect of the radial-flow tenn 

equation (l) on the radieil distribution of the state of the gas was 
investigated. This was done for nonviscous-flow problems by conparing 
solutions obtained by applying equation (l) with solutions obtained by 
applying a modification of equation (l) (the simplified-radial- equilibrium 
approximation) which dropped the radial- flow term. For the p\nrposes of 

ft 


this analysis, the entropy term 

in these solutions because 
heat transfer. 


\ 

of the assumptions 


of equation (l) was neglected 
of nonviscous flow and no 


These methods for Inviscid fluids do not account for the radial 
variation of total-pressure losses which occur across a blade row in a 
compressor. In order to include these losses in the velocity- diagram 
calculations^ the radial variation in total-pressure loss can be related 
to the radial variation in entropy and as such included in the radial- 
equilibrium calculations. A method of velocity-diagram calculation which 
includes the entropy term is shown in this report. In order to ascertain 
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the effect of the entropy term of equation (l) on the radial distribu- 
tion of the state of the gas, velocities are computed by using a modi- 
fication of equation (l) which includes the entropy term but drops the 
radial-flow teima (simplified radial equilibrium including entropy gra- 
dient) and are coo^tared with velocities computed from a modification of 
equation (l) which does not include the entropy term and also drops the 
radial-flow tens (siinpllfied-radial-equlllbrlTjm approximation). These 
velocity distributions, which are conrputed for several compressor con- 
figurations, are compared in each case with measured velocities to see 
if it is possible to predict ccxrrectly the stage- velocity diagrams by 
including the entropy term in the calculations. 

The development of the solution including entropy gradient to the 
radial- equilibrium equation is presented in the section ANALYSIS OF 
EQUATIONS. The differences in the assumptions used for this solution 
and for the solutions obtained in reference 1 are discussed, and the 
significance of the entropy term in the radial- equilibrium solution is 
pointed out. 

The methods used to adapt the analytical solutions (slnplifled 
radial equilibri\im including entropy gradient and sinqplif led-radial- 
equillbrium approximation) to measured data are shown in the section 
ANALYSIS OF EXPERIMENTAL DATA. The experimental data are taken frcan 
configurations described in references 4 to 10. In most cases the data 
were available only in the "main- stream region"; however, in two con- 
figurations, data obtained near the end walls of the compressors were 
used to see if the axial-velocity profiles in the boundary layer could 
be accounted for by the solution based on sinplif led radial equilibrium 
including an entropy greidlent. The remainder of the data in the section 
ANALYSIS OF EXPERIMENTAL DATA is groTJped as single-stage data or data 
from middle or end stages of a multistage ccarpressor. 

The section entitled ANAIYSIS OP DESIGN TECHNIQUE suggests possible 
uses of the approximation of simplified radial equilibrium Including an 
entropy gradient in a design procedure. An exangile of a fixed-area 
velocity-diagram calc\ilatlon is outlined in detail. 


SYMBOLS 

The following symbols are used in this report: 

Cp specific heat at constant pressure, ft-lb/(slug)(9R), equal to 
JgCp engineering units 

D diffusion factor (ref. 11 ) 

P blade force, Ib/slug 
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g acceleration due to gravity, ft/eec^ 

E total enthalpy, ft-lb/slug, equal to JgH engineering vinlta 
J mechanical equivalent of heat, ft-lh/Stu * 

K curvature of path, reciprocal of radius of curvat\ire, ft"^ 

P total pressure, Ib/sq ft 

p static pressure, Ib/sq ft 

R gas constant, ft-lb/(slug}(9R), equal to gR engineering units 
r radius, ft 

s entropy, ft-lb/(sliJg)(°R), equal to gs engineering imits 
T total temperature, 9R 

t static temperature, °R 

U rotor velocity, ft/sec 

V gas velocity, ft/sec 

absolute gas velocity at station where some variables are unknown, 
ft/sec 

W weight flow, Ib/sec 

z axial distance, ft 

p absolute air angle, angle between air velocity and axisil 
direction, deg 

X ratio of specific heats 

9 angular coordinate, deg 

p static density, slugs/cu ft 

cp stage- inlet-flow coefficient, (V 2 /U^)g^^ 

Subscripts: 
av average 

h hub 
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k 

m 

r 

ref 

t 

u 

z 

e 

0 


radial station •wiiere variables are known 
mean 

radial direction 

reference 

tip 

radial station wbere some variables are tinknovn 
axial direction 
tangential direction 

pipe inlet or ccaipresBor depression tank 

n axial station downstream of n^^ blade row, wiiere tbe 
guide vanes are tbe first blade row. 


ANALYSIS OF EQUATIONS 


Assumptions 


The behavior of a fluid In a compressor can be Investigated by 
applying the conservation laws of matter, momentum, and energy to the 
flow. The assumptions of axial synmetry and negligible viscosity are 
reasonable conditions to specify in order to investigate this flow. 

Using these assumptions, the authors of reference 1 developed the fol- 
lowing f037m of the combined mcmentum and energy equations for a cylin- 
drical coordinate system, where r, z, and 9 are independent variables 


Bh _ 
^ - 


Fr 


. 5s . ve 5(rVe) 


+ V 


5Vz 
z 'Sr 



(2a) 


0 = Pg 


1 [r 5(rVe) 

r 1;^ 


(2b) 


5z 5z ^ 5z 




(2c) 


In applying these equations (eqs. (14), (l5), and (16) of ref. 1 in 
the terminology of this report), the fluid was considered to be Invlscld 
throughout the ccmipressor so that the variation In entropy could be 
caused only by heat transfer. Eius, the entropy tenn was neglected in 
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the solutions presented since no heat transfer was assumed. However, in 
a real compressor, visco\is flows exist and a radial variation of blade- 
row total- pressure losses, which gives rise to. a radial entropy gradient, 
can occur as the viscous fluid passes through the blade rows where large 
velocity gradients and large wetted surface areas are present. 

The effect on axial- velocity profiles of viscous forces which occur 
in the space between blade rows is small con^ared with the effect on the 
axial- velocity profiles of losses which have occurred upstream through 
the blade rows. Thus when the flow in the space between blade rows is g 

examined, the fluid is considered to be inviscid (hence eqs. (2) are S 

applicable) with a radial entropy gradient at the point of interest. 

The .inclusion of the entropy term in applying the radial-equilibrium 
condition may be regarded as a loss correction included in the equations 
for inviscid flow. In this investigation, an experimental evaluation of 
the losses is included in the analytical solutions. 

An example of how these concepts can be applied to the slnqjle case 
of pipe flow is shown in the following section. The manner in which the 
eqriatlons are applied is analogous to the manner in which they are ap- 
plied to act\ial compressors for this investigation. 


Significance of Entropy Gradient 


For application to pipe flow or to the space between blade rows of 
a cmpressor, equations (2) are more conveniently written as 


0-Vr^+ — + 

, St _ + as . V 


(3a) 

(3b) 

(3c) 


In the case of pipe flow, T is a constant throiighout the flow and is 
equal to Tq, anri Vg s* Vj. «a 0. In order to apply equations (3) to an 
axial station downstream of the inlet, the fluid must be considered 
inviscid at this station. This condition, along with Vg ** ^r “ 
reduces the set of equations (3) to 

n _ + Ss V 
0 _ t ^ + Vz ^ 


( 4 ) 


3038 


HACA EM E54A20 


7 


An assumption that Ss/Sr = 0 leads to the conclusion that Vg = con- 
stant along the radius. This conclusion is invalid near the pipe walls 
due to the previous viscous flow upstream. The nonvanishing radial 
gradient of entropy can be introduced in terms of total pressure and 
temperature. the definition of stagnation conditions, stagnation 
entropy equals static entropy and is a function of stagnation pressure 
and temperature as follows: 


s = + R In 


r 

(^Aref)^ '^ 

^Aref 


(5) 


For this case, the reference point is the pipe inlet and 
T = Tyg£ = Tq. Equation (5) reduces to s = Sq + R(ln Pq) - R(ln P), 

which then yields 3s/5r = - R 3(ln P)/3r, since entropy and total 
pressiues are constant with radius at the pipe inlet. VThen both sides 
of this last equation are multiplied by t and the result is sub- 
stituted in equation (4), the equation becomes 


3 

5r 2 



(In P) 


or 


Integration of this equation from rjj^ to r gives 



In terms of total enthalpy, this last equation becomes 


= 2E - (2H - 



( 6 ) 


Since the whirl and radial accelerations are zero, static pressure 
is constant and does not appear in equation (6). For a given stagnation 
temperature, velocity is a function only of stagnation pressure • The 
reduction of stagnation pressure by viscous forces is associated with a 
reduction in velocity, and this relation is given by equation (6). The 
total-pressure losses near the pipe walls are reflected in the drop in 
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velocity in these regions j hence^ the axial- velocity gradients agree 
qualitatively with the axial-velocity gradients predicted from viscous- 
flow eqxxations . This example shows that in the case of pipe flow the 
stagnation- pressure- loss correction used in the radial component of an 
equation of motion for inviscid fluid can lead to resiilts which are 
qualitatively correct for viscous fluids. Thus an analogous treatment 
of the more complicated problem of viscous flow through a compressor may 
be useful. 


Significance of Radial- Flow Term 


In order to discuss the effect of the radial-flow term on the radial 
variations of the state of the fluids the term can be expanded into an 
expression involving the radius of curvature of the streamline in the 
r,z surface. "When the differentiation Eilong the streamline is considered. 


V 






= V 


Sr 

^ 5z '5z 


+ Va2 



Since 



wlaere K is 
of ciirvature 


the curvature 
, then 


in the r,z plane or reciprocal of the radius 


SVz 2 r 

+ [l. 


From equation (7), the term Vj 





3/2 


(7) 


is affected both by the axial 


variation of axial velocity (as determined by the continuity condition) 
and the curvature of the streamlines. For the configurations considered 
in this report, the maximum hub taper is about 10^. Both the radial 
velocity and the axial variation of axial velocity at the measuring sta- 
tion in the space between blade rows are therefore small, and the first 

Sv 

term of equation (?) can be neglected. The teima Vr. designated the 

oz 

radial-flow term, will he discussed in this report in terms of streamline 
curvature only. For coiEpressors with large hub taper, such as transonic 
conrpressors designed for high pressure ratios, and with hub-tip radius 
ratios 
3V. 


less than 0.5, the contribution to the radial-flow term by 


may be significant. The formula for the curvature K shows that 


3038 



NACA RM E54A20 


9 


the sign of the radial- flow term Is positive for streamlines concave 
looking from the compressor casing (fig. l) and negative for- streamlines 
convex looking frcsn the casing. 

In the conventional tests of an axial-flow ccanpressor, the instru- 
mentation is not designed to determine the radial component of the abso- 
lute velocity after the blade rows since it is assumed to be small. This 
assumption is 

V + = V2 (8) 

In this presentation, the radial-flow term which was included in ref- 
erence 1 will be neglected. A solution which uses the entropy term will 
be obtained and ccmpared with actual data. Within the limits of the 
assumptions of axial symmetry and negligible viscosity at this axial 
station, the difference between this solution «-rid. actual data may be 
attributed to the effect of neglecting the radial-flow term. A solution 
will also be obtained in which both the entropy term and the radiel-flow 
term are neglected. The difference between this last solution (the 
simplified-radial-equilibrium approximation) and data may be attributed 
both to effects of radial entropy variation and the radial-flow term, 
again with the assumption that deviations from axial synanetry and neg- 
ligible viscosity do not mask these effects. Consequently, a comparison 
of these two types of analytical solutions with conqiressor data may in- 
dicate the relative magnitude of the effect of radial entropy gradient 
and radial-flow term on the radial variations of the fluid state. 

The type of flow distribution (radial variation of whirl) and the 
conipressor geometry determine the ii^ortance of the radial-flow term. 

For free-vortex flow, little radial shift of streamlines occurs through 
blade rows so the radial-flow term is probably unimportant. The radial 
pressiire gradients attendant to wheel- type or wheel-minus- vortex (symmet- 
rical velocity diagram) distributions of whirl cause radial flows and 
appreciable curvatijre of the streamlines. This effect is discussed in 
reference 12 and tends to make the radial-flow tezm more important. The 
geometric characteristics of low hub-tip radiiis ratio, high hub curvature, 
and high aspect ratio tend to Increase the importance of the radial-flow 
term. 


AMALYSIS OF EXEERIMBHTAL DATA 

Application of Radial-Equilibrium Equation 

In order to conq)are experimental data with the solutions based on 
simplified radial equllibrlxmi including an entropy gradient and solutions 
based on slmplif ied-radlal-equillbrlum approximation, equation 3(a) must 
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be solved and written In a form suited to convenient application to the 
data. By making several simplifying assun^tions, a useful numerical 
solution of equation (3a) can be obtained. 


Vfhen eqviation (3a) is Integrated between a radius at which aill 
the dependent variables are known or assumed (subscript k) and a radius 
at which some of the dependent variables are unknown (subscript u), a 
rearrangement (the radial- flow term is dropped) gives 




2 j. V 2- 






dr+ 2Cp(Tu-Tk) 


( 9 ) 


It is desirable for comparing analytical results with actrial data to 
put equation (9) into a form involving only absolute velocity, absolute 
air angle, total pressure, and total temperature after the bl^e row. 
This expression can be developed as follows: 

By -using equation (s) and the steady- flow energy equation 

t = T - v2/2cp (10) 


equation ( 9 ) can be written as 



r-1 v2\ Hb/r) 
r ^ Br 


nrji 

dr + + 2 



dr 


+ 


2Cp(T„ - 



( 11 ) 

A numericeil solution of equation (U) for may be obtained if 

the following simplifying assimptlons are made in order to facilitate 
integration of equation (11 ): 

( 1 ) Vg^/r varies linearly between the two radii of integration. 

( 2 ) T varies linearly between the two radii of integration. 

( 3 ) varies linearly between the two radii of Integration. 

( 4 ) s/R varies linearly between the two radii of integration. 


These four assumptions are nearly correct if the radial positions 
are close together. After the flow problem has been solved, the above 
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Integrands can be plotted against the variable of integration to check 
these assumptions of linearity, and corrections can be made if necessary 
until equation (ll) is satisfied. 

With the use of the assumption of linear variation of T and 
between the radii of Integration, the first integral on the right side 
of equation (ll) may be evaluated by the trapezoidal rule as follows: 


The entropy at a fixed radial position at axial station 2, for 
example, may be expressed (from eq. (s)) as 

r 


_2 

R 


^ref 

R 


+ In 






^2/^ref 


(5a) 


vhere is tlie entropy of the gas at some reference point upstream. 

For the data presented herein^ the reference point is the depression 
tank and = Sq- Therefore, at axial station 2 the quantity 


"2,k 


l|^=ln 


r / 


r I 

/^2,k 

- In 


V ^0 / / Po 

mlmlX 

V / / Po 


uated by the trapezoidal rule, and with the relation = V sin p this 


The third term on the ri^t side of equation (ll) is also eval- 
L by the trapeze 

term can be written 



k 5> p 

sin^ P 


dr = 


e 


sin^ Pk _ sin^ 


(^k - ^u) 


u 


After the integrals have been evaluated in equation (ll)^ the re- 


sulting form may be solved for 




sin2 Pj^ 

+ 2Cp(T^-Tk) 


Vt.2 

<=p(^k+^)--|- 




( 12 ) 
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Eqmtion (l2) gives the solution for simplified radial equilibrium 
including an entropy gradient. A solution for the simpllf ied-radlal- 
equilibrium approximation is obtained by keeping the entropy constant 
radially ( i . e . , the term sj^/R - b^/B. equal, to zero) in eqtiatlon (12). 
It should be noted that Cp and R must have ■units of (ft-lb)/( slug) 
(°R) in this derivation. 


Solution of Velocity Distributions 

Bie solution for velocity at all radii based on simplified radial 
equilibrium including entropy gradient requires a kno"wledge of the radial 
variations of total pressure, total temperature, and absolute air angle 
after the blade row, and the inlet conditions to the con^iressor. With the 
aid of the absolu'be measured velocity at or near the mean radius as the 
initial V^, solutions of equation (12) for for the radial position 

on either side of ‘the mean radius can be obtained. These values of V^ 
are then taken as for the solution of velocity at the next radial 

position nearer the hub and tip. When this first velocity distribution 
has been calculated across the passage, the weight flow is computed by 
using the relation 


W = 



pV^r dr 


(13) 


when the static density is given by 


1 

o = -L A . iii (14) 

^ RT \ r 2R^^ ^ ' 

The value of weight flow obtained from eqxiation (l3 ) is compared 
with the weight flow calcxilated from the radial- survey data, and the 
initial value of at the mean radius is corrected by the ratio of 

these weight flows to give a second value of Vjj. at the mean radius for 
the second approximation. This process is repeated until continuity is 
satisfied as evidenced by the agreement of the actual and computed ■weight 
flows . 


The same procedure is used to compute the values of from the 

simplified-radisil-equilibrium approximation. As stated previously in 
the section Application of Radial-Equilibrium Eq^uation, the term 
(®k " ®u)/^ to zero in equation (12), which then reduces 

to the simplified-radial-equilibrium approximation. 
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IKESEHTATION OiP EXPERIMEaKAL DATA 
Interpretation of Data 

Comparisons were -made among the measured and two types of ccorputed 
velocities for the portion of the flow outside the houndary layer after 
guide vanes, rotors, and stators for a variety of ccmpressor configura- 
tions. The blade rows involved cover a wide range of aspect ratio «nfl 
hub-tip radius ratio. The ccmiparison also covers a range of operating 
conditions for the blade row so that the effect of varying losses upon 
the relative magnitude of the terms of the equilibrium equation may be 
investigated. In this presentation the disciisslon is divided into two 
sections . 

The first section presents results for stages with uniform entropy 
at the inlet (single stages and inlet stages of imiltlstage coaipressorB)^ 
the second section presents results for stages with an inlet entropy 
gradient (middle and end stages of a multistage unit) . This division is 
made because it is expected that the effect of the entropy gradient will 
be markedly greater for stages with an inlet entropy gradient than for 
stages with uniform inlet entropy. [Qiese sections are subdivided for 
convenience into subsections for comparisons of velocities after rotors 
and stators. Most of these measurements were taken in the free-stream 
region out of the end- wall bovmdary layers. However, a limited amount 
of boundary- layer data was obtained and is discussed in a further sub- 
division entitled "Boundary-layer data" of the section on inlet stages. 

A large number of calciilatlons were made for each configuration, but 
only representatlvp results are presented in this repoirt. 

In order to clarify the method of comparing velocities, figure. 2 
shows the effect of adding the entropy- gradient term to the simplified- 
radial- equilibrium approximations. It can be seen, in figure 2(b) for 
instance, that, using the loss term not only reduces the velocities at 
certain radii but also shifts the profile vertically to satisfy con- 
tinuity. The effects of loss profile with minimum losses at points 
other than the hub, mean, or tip radius could be similarly analyzed. 

After the solution with simplified radial equilibrium including 
an entropy gradient for velocities is obtained, it may still differ from 
measured velocities.. Thi a discrepancy can be attributed to the neglect 
of the radial-flow teiTm if the deviation from axial symmetry as well as 
the viscous action at the station in question are assumed negligible. 

Figure 3 shows the interpretation of con 5 )arison of the measured velocities 
with velocities computed frcna simplified radial equilibrium with losses. 
The shape of the streamline in the r,z sxirface required to correct a 
solution for slrgjllf led radial equilibrl\im including an entropy gradient 
to coincide with measured velocities can be ascertained from such 
ccmparisons . 
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Single Stages 

Dovnstreaitt of guide vanes . - Axial- velocity ratios for the axial, 
station downstream of the guide vanes calciolated from measured data and 
from the solution for simplified radial equllihrium are presented in fig- 
ures 4 to 8. Axial- velocity ratios calciilated from the solution for 
siB 5 >lified radial equilihrium Including the entropy gradient are pre- 
sented in figure 4 as an example of the effect of the radial variation 
of guide-vane losses on the axial- velocity profile downstream of a set 
of circular- arc sheet-metal guide vanes. 

Low hub-tip ratio stages: - The dimensionless axial-velocity pro- 
files presented in figures 4 to 7 were obtained from compressors of low 
rotor- inlet hub-tip ratio (0.50 to 0.55). These configurations were also 
similar in flow distribution as well as In geometry: They were designed 

for wheel-type or wheel-minus-vortex rotor-inlet whirl. 

A comparison between the axial- velocity profiles obtained from data 
and those from the solution for simplified radial equilibrium presented 
in figures 4 to 7 reveals the same trend for most cases: The solution 

yields axial velocities which are lower near the tip and higher near the 
hub than those calculated from data. The only exception to this trend 
(fig. 4(c)) represents operation at a low- flow coefficient. As dis- 
cussed in reference 13 , rotor operation at low- flow coefficients can 
result in a recirculating type of flow at the rotor tip. The possible 
consequences of this type of flow will be brought out in connection with 
the streamline- curvature a-nd entropy- gradient characteristics. 

The axial- velocity profiles obtained from the solution Including the 
entropy gradient are slightly different from those obtained from the 
simplif ied-radlal-equilibri\mi solution. The effect of the entropy gra- 
dient, for the two cases presented, is to Increase slightly the discrep- 
ancies at the hub and tip between the social-velocity ratios obtained 
from data and those obtained by simplified-radial- equilibrium calculation. 
(Because this effect was small, and beca'use the available guide-vane-loss 
data for other configurations indicated approximately the same loss char- 
acteristics, the solution incliidlng the entropy gradient was not deter- 
mined for the data of figs. 5 to 7.) For the low-flow case (fig. 4(c)), 
the recirculating flow at the rotor tip would increase the entropy up- 
stream of the rotor and thereby lower the inlet axial velocity. 

Ihe discrepancies between the axial- velocity profiles obtained from 
data and from the solution for simplified rad i al equilibrium are probably 
a consequence both of the assumption of axial symmetry and the neglect 
of the radial- flow term. The analysis of reference 14 shows that, for 
guide vanes with a radial circulation gradient, the condition of Irro- 
tationality requires that a tangential gradient of rad i al velocity must 
exist. The radial component of Euler's equation for steady flow ex- 
pressed in cylindrical coordinates is as follows: 
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^ 5r r 50 ^ 5z r p 5r 

From, equation 15, It can be seen that for such a flow the assumption 

1 5-d Vfl2 ^Vr 5Vr 

that — ^ is not exact even if - — = — =* 0. 

p or r • or oz 

If the trend indicated in figtires 4 to 7 can. be partly attributed 
to the effect of streamline curvature, this curvature must necessarily 
be concave with respect to the casing (fig- 3). Because of the type of 
vhirl addition through the guide vanes (wheel or wheel-mlnus-vortex), 
the resulting radial pressure gradient tends to force the flow towards 
the hub as it passes through the guide vanes. As the gas passes from 
the guide vanes to the rotor, the hub taper causes a cvirvature of the 
streamlines (5Vj,/5z 0). It is probable, therefore, that at the axial 

location of the measuring stations this curvature is concave with respect 
to the casing (fig. l), except immediately adjacent to the hubj and the 
trend of figures 4 to 7 is therefore a logical one. For the case of low- 
flow operation (fig. 4(c)), recirculating flow at the rotor tip would 
increase the specific mass flow near the rotor hub in proportion to the 
mean-radius anrl tip-region mass flow- This effect would decrease the 
concavity of the streamline and e3q>laln the better agreement between 
calculated and measured axial velocities near the hub. 

Hi^ hub-tip ratio stages : - The data of figure 8 were obtained from 
a single-stage compressor with a hub-tip ratio of 0.8 and designed for 
the addition of wheel- type ■vriiirl through the guide vanes. In contrast 
with the trend of figures 4 to 7 , the axial- velocity ratios calculated 
from the solution for simplified radial equilibrium are slightly lower 
near the hiib and higher near the tip than the data. I£ the solution for 
simplified radial equilibrium Including the entropy gradient had been 
obtained (the necessary guide- vane- loss data for such a solution were not 
available) , the calculated axial-velocity ratios probably would have more 
closely agreed with the data. The indication is that the net effect of 
the first three terms of equation (15) is negligible. The hub taper is 
slight for a hub-tip ratio of 0.8 and the guide- vane aspect ratio is low 
(0.80); therefore, the streamline curvature would be smaller than for 
the compressor with a hub-tip ratio of 0.5. For this configuration the 
type of flow distribution has little effect on the liig>ortance of the 
radial-flow term, probably because the small passage depth permits little 
deviation from a two-dimensional flow. 

Downstream of rotor . - Axial- velocity ratios for the axlsil station 
downstream of the rotor obtained from data and from the two solutions of 
simplified radial equilibriTom are presented in figures 9 to 17. 
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Low hub- tip ratio stages: - The data of figures 9 to 13 were ob- 
tained from stages having a rotor- inlet hub-tip ratio of 0.55 or less. 
The design-flow distributions were similar: wheel-type or wheel-minus- 

vortex rotor- inlet whirl with constant- enthalpy addition through the 
rotor. The comparisons between axial- velocity* prof lies obtained from 
data and from the solution for simplified radleil eq,uilibrium Indicate 
a similar trend for each compressor in full-stage configuration, namely, 
that the calcxilated values are slightly low near the tip and higher near 
the hub than the data. However, for the configurations without stators 
(figs. 12 and 13) good agreement is Indicated between measured arid cal- 
culated axial- velocity profiles. The curves of figure 9 indicate that 
variation of flow coefficient has little effect on the observed trend 
that the calculated velocities exceed the data near the hub. The solu- 
tion for slBgilified radial equilibrium Including the entropy gradient 
(figs. 9 to 13) is not markedly different from the solution without the 
entropy gradient. 

The trends of figures 9 to 11 are similar to those observed for the 
data after the guide vanes, emd a similar analysis can be applied. As 
discussed in reference 12, the radial pressure gradient downstream of a 
rotor with wheel-mlnus-vortex inlet flow causes a radial flow toward the 
hub; after the stators the flow shifts toward the casing. The blockage 
effect of the stators (the fact that they block more of the anntilar-flow 
area near the hub than near the casing) also contributes to this shift 
in flow. Geometrically, the large passage depth and high rotor-blade 
aspect ratio (2.7 to 3.0) contribute to an appreciable curvature of the 
streamlines. All these effects tend to make the streamlines concave 
looking from the casing at the measuring station downstream of the rotor. 
The velocity coag)arl8ons of figures 9 to 11 Indicate that the streamliner 
are concave in these Instances. The term of Exiler's equation (eq. 15) 
neglected because of the assuiiptlon of axial symmetry might also be sig- 
nificant. [ffiie accumulated guide-vane and rotor losses were Insxifficlent 
to cause, through the entropy gradient, a marked effect on the axial- 
velocity profiles for the free- stream region. 

G?he trend Indicated in figures 12 and 13 of better agreement between 
calculated and measured axial velocities than is indicated for the same 
rotors in figures 9 and 10 can probably be explained by the absence of 
stators. Without stators there is less tendency for a shift in flow 
downstream of measuring station 2, and the flow probably stabilizes on 
approximately conical surfaces . 

High hub-tip ratio stages: - The configurations from which the data 
of figures 14 to 17 were obtained have rotor- inlet hub- tip ratios of 0.80 
and higher. The most interesting trend is the good agreement between 
data and the solution for sln^tlifled radial equilibrium including the 
entropy grad-ient. As was the case for data upstream of the rotor, the 
Indication is that the net effect of streamline curvat\ire and axially 
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asymmetric flow is negligible. Also^ the effect of losses Is more appre- 
ciable than for the low hub-tip ratio stages, probably because the high 
hub-tip ratio units operated at hi^er blade loadings, with consequently 
higher total- pressure losses, aud because the blade-end region consti- 
tuted a greater proportion of the passage height. 

Downstream of stators . - Axial- velocity profiles for low hub- tip 
ratio stages at the measuring station downstream of the stators aire 
presented in figures 18 to 20. The cturves indicate good agreement be- 
tween data and the calculation including entropy gradient. The entropy 
gradient was especially significant at low flows (figs. 18(b) and 19(b)). 
A negligible effect of axially asymmetric flow and radial flow is in- 
dicated. The shift in flow towards the casing which occxars through a 
stator-blade row is augmented by the hub tap^. As the flow proceeds 
downstream from the stators, it tends to stabilize on approximately coni- 
cail surfaces (if no rotor follows) or is shifted back toward the hub 
through the foUowing rotor. The analysis of reference 12 indicates that 
the stream surfaces through a second stage are similar in shape to the 
hub conto\ir. Thus, the streamline curvatxire would be small with a neg- 
ligible effect on the computed axial- velocity profile. 

Boundary- lay^ data . - Supplementary flow measurements were made at 
radial stations close to the hub and casing and are ccHnpared with ana- 
lytical solutions in figures 21 to 23 • Figure 21 shows velocity com- 
parisons after a rotor with a high hub- tip radius ratio where the veloci- 
ties obtained by using simplified radial equilibriiim with an entropy 
gradient agree with measured velocities. The slmplifled-radlal- 
equilibrlum approximation gives velocities which are high in the casing 
boundary layer (the region where the axial velocity drops sharply). 

A comparison of velocities after a transonic rotor with low hub-tip 
radius ratio is shown in figure 22. I5ie solution for velocities which 
does not include an entropy gradient shows again the pattern of veloci- 
ties which are too high in the tip regions. These anal ytical velocities, 
which are too low at most radial stations near the hub, are higher at 
the radial station nearest the hub than the measured velocities and 
velocities obtained analytically by using an entropy gradient. The 
ccmparison of velocities indicates that the entropy rises sharply in the 
boundary-layer regions, while in the main- stream region the minimum en- 
tropy occurs near the hub and rises gradually toward the tip. 

For the available boundary- layer data after stators (fig. 23), the 
measured velocities and the velocities calculated by using simple radial 
equillbrliim including an entropy gradient agree very closely. Analytical 
velocities obtained by the slmple-radial-equlllbrium ^proxlmatlon are 
markedly high near the hub and tip and low near the mean-radius sta- 
tion^ they are more incorrect than the velocities obtained by this type 
of calculation after the rotor of figure 22. 
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In general, the close agreement between measured velocities anri 
velocities calculated by using simplified radial equilibrium with an 
entropy gradient shown in f igureis 21 to 23 indicates the radial- flow 
term is unintportant here. For the configuration of figure 21, the high 
hub-tip radius ratio prevents any large deviations from two-dimensional 
flowj for the low hub-tip radius ratio stage of figures 21 and 22 there 
is little tendency for radial flows because of the flow distribution 
(zero rotor- inlet whirl). 

The effect of the entropy gradient outside the boiondary layer is 
greater for the transonic rotor (fig. 22) than for the subsonic inlet- 
stage ccmipressars (figs. 9 to 11). The transonic rotor has a higher 
relative inlet Mach number ajsd also a larger radial variation of rela- 
tive inlet Mach number than the subsonic stages, leading to larger 
total-pressure losses and larger' radial variations in total-pressure 
losses in the transonic stage. The magnitude of the discrepcmcy between 
the two radial- equilibrium solutions is higher after stator than after 
rotor because of additional losses Incurred by the stator-blade row. 

The importance of estimating blade-element and boundary-layer losses 
in design calcTolatlons is emphasized by the large discrepancies between 
the two analytical velocities. The close agreement between data and cal- 
culations including an entropy gradient in the boimdary- layer regions 
indicates that the blockage effect of the boundary layer can be taken 
into account by a design assumption a£ the boundary- layer stagnation- 
pressure profile. This assumed profile can be based on available 
boTuadary- layer-loss data. 


Middle End Stages of Multistage Compressor 

Downstream of rotors . - The coiaflguratlons in this section differ 
from those previously discussed in that the entropy gradient is higher 
since losses have accumulated for several stages. Figure 24 shows data 
from a rotor which is preceded by four stages of a multistage compressor • 
Comparisons are made in this case for a range of flow coefficients to 
ascertain the effect of a wide variety of losses through a specified 
blade row on the trends of the solutions based on slnplifled radial 
equilibrium with an entropy gradient. In all cases, including the en- 
tropy gradient in the simplified radial equilibrium, calculations led 
to good agreement with measured velocities. Similarly, investigations 
for a large number of flow coefficients were made for the other configura- 
tions in this section and showed again that the entropy-gradient correc- 
tion led to good agreement with measxored velocities. Since these com- 
parisons for a variety of flow coefficients are similar to those of 
figure 24, they are not Included in the figures presented. 
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Velocities after the last rotor of a 10-stage compressor are shown 
in figure 25. Near design conditions after these rotors (figs. 24(a), 
24(h), and 25(a)) the simpllf ied-radi al- equilibrium approximation gives 
velocities which are high for both hub and tip stations and low near the 
mean radius station, indicating that the shape of the entropy gradient 
is different from those found in the single-stage comparisons. As pointed 
out in figure 2(b), the entropy has a minimum value at scane intermediate 
radius between hub and tip, showing that the losses are greatest near the 
end walls. The growth in losses near the hub for the middle- stage rotors 
is the most significant change from the loss profiles indicated for the 
single-stage configurations. These changed profiles may result from the 
accumulation of losses which occur at the unattached blade ends, on the 
end walls, or on the blades. Figiares 24(c) and (d) show exceptions to 
this pattern, for here Indications are that the entropy increases from 
hub to tip. These are low- flow-coefficient inins at which the blades 
might be expected to operate inefficiently, with the tip region being 
most sensitive to changes in weight flow. As the flow coefficient is 
decreased (figs. 24(c) and (d)), the losses at the tip regions beccxne 
highest, changing the entropy gradient pronouncedly. 

Downstream of stators . - The inadequacy of simplified- radial- 
equilibrium approximation after stators is shown clearly in figures 26 
and 27. Data after the fifth and ninth stators of a multistage com- 
pressor show that the consideration of the entropy term is even more 
important here than after the rotors. The simplif ied-radlal-equllibritmi- 
approximatlon solutions give very poor agreement with actiaal data. After 
the fifth stator the entropy reaches a pronounced maximum in the end 
regions of the blade, as indicated by figures 26(a) and (b) . Near design 
conditions after the ninth stator (fig. 27(a)) the same type of entropy 
gradient as for the fifth stator (fig. 26) is indicated. At off -design 
conditions (fig. 27(b)) an Increase in losses near the casing which 
occurrs after the rotors is also apparent after these stators. 

Discussion of multistage results . - The radial- entropy variation in 
the latter stages of a multistage cos^essor must be evaluated and used 
in the equilibrium eqxiation in order to correctly compute axial-velocity 
profiles. This variation follows a general pattern; at or near design 
weight flow the entropy has a minimum value near the mean radius, in- 
creasing toward each of the end walls, while at flow coefficients other 
than design the entropy has a minimum at the hub region and Increases 
monot onically toward the tip. 


ANALYSIS OF DESIGN TECHNIQUE 

Application of Radial-Equllibritim Equation 

In view of the results of the experimental investigation, it would 
be desirable to use a procedure based on equation (9) in the calculation 
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of velocity diagrams for the design of a nroltistage machine. In an axial- 
flov turhomachine design^ the variables which will be known or assumed 
are the inlet conditions to the blade row, the desired weight flow, and 
the losses or adiabatic efficiency of each blade element. The radial 
gradient of energy addition is usually prescribed through an analytical 
variation of either Yq or ^ with radius. In order to obtain the 

total-pressure rise from the total- temperature rise, the blade-element 
total-pressure losses must be known or assumed as functions of the 
velocity-diagram parameters. For instance, the relative total- pressure- 
loss parameter c5 is presented In reference 14, wherein the relative- 
tot al- pres s\ire loss is given as a function of relative inlet Mach number 
and a blade-loading parameter, the diffusion factor D. A preliminary 
solution of the simplif led- radial- equilibrlimi approximation can be ob- 
tained in order to calculate D factors, or the diffusion factors can 
be assumed on the basis of previous experience. This assumed radial 
variation in losses now yields an assumed radial variation in entropy, 
since from equation (5a) 



A first approximation to the axial- velocity p- of ile after the rotor can 
now be found by iislng eq-uation (9). By selecting a value for 2 at 

the mean radius, using this as g solving for 2 u 

next stations toward hub and tip, the velocities across the entire pas- 
sage can be found by repeating the process with the results of each step 
used as reference values -in the next step. Since the method gives accu- 
rate profiles (if blade- element- and end- wall- loss data are available) 
across the passage from hub to casing, corrections such as blockage fac- 
tor or boundary- layer displacement thickness are unnecessary for the 
continuity equation. 


Solution for Velocity Distributions 

The design procedure will vary depending on whether the passage 
area or mean- a^ial- velocity variation is fixed through the machine. In 
both cases an iteration process will be necessary and the attacks will 
be similar. An example will be made for a rotor with a fixed passage 
area (rj^ and r^ known). This is the type of calculation which might 

be applied after a preliminary analysis on a mean-radius basis has deter- 
mined the hub contour (for a fixed-tlp-radiiis machine). In this case the 
following factors would be known or assumed: 
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(1) Hub and tip radii throughout the machine 

( 2 ) Weight flow 

( 3 ) Rotative speed 

( 4 ) Inlet total ten 5 )erature and presstire 

A convenient design method is to prescribe the outlet radial varia- 
tion of tangential velocity (hence the energy addition in the case of a 
rotor). For simplicity, the streamline flow is assumed to occiir at eq\ial 
increments along the radius, thus fixing rg as a fmctlon of rj_. The 

total- tenperature rise across the rotor can now be found at each radial 
position from the eqttatlon 

=p(^2 - ^i) = - UiVe^i) (16) 

In addition to the requirement that eqtiation (9) be satisfied after 
the blade row, the continuity equation (13) must also be satisfied at this 
etxlal station. Since the variation of static temperatvire with radius is 
/t+ - tj, \ 

generally small ( — ^ = 0 1, a first approximation may be made by 

assimlng that t = constant and is equal to the value at rj^. Eq\iation 
( 9 ) combined with equation (10) then yields the following equation: 



(17) 

This solution must be corrected to obtain the proper weight flow. 
With the use of the values of Vg 2 obtained from solutions of equation 

(17), the equation for continuity can be solved (by using eqs. (13) and 
(14)) and an integrated weight flow at station 2 obtained. If the in- 
tegrated weight flow is within 2 percent of the desired flow, a simple 
adjustment of all the velocities by the ratio of flows will suffice. 
Otherwise, the original assumption of mean axial velocity must be ad- 
justed by the ratio of flows and equation (17) again solved. 
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If the axial- velocity distribution (which is combined with pre- 
scribed tangential velocity distribution to give flow angles) which 
results from these solutions is much different from the expected dis- 
tribution (causing the D factors to be different from those expected), 
an adjustment of the assumed blade-element losses may be in order, and 
a new solution obtained on this basis. This adjustment could also be 
made as a refinement of the method after a tentative choice of blade 
shapes is made and the best available blade-element total-pressure-loss 
data are applied. 

In any solution for the precise velocity distribution after a blade 
row, the need for blade- element- and end-region-loss information is evi- 
dent. This is especially true in multistage- compressor calculations 
where blade- element- loss accumulations may caxise an appreciable radial 
gradient of entropy in the latter stages with resulting Isurge effects on 
the axial- velocity distributions. 






SUMMARY OF RESULTS 

The investigation of the validity, of application of the simplified- 
radial- equilibrium equation to compressors gave the following results: 

1. In order to calculate accurately the radial variation of ve- 
locities, it was necessary, in general, to include measured stagnation- 
pressure losses in the s implif led- rad ial- equil ibr ium equation. The 
assumption of zero radial entropy gradient was Invalid for the calcula- 
tion of velocities at eixial stations more than one or two blade rows 
downstream from a region of uniform entropy. At an social station fol- 
lowing several stages of a multistage compressor, large discrepancies 
were observed between measured velocities and velocities computed by 
using the sin 5 >lif led- radial- equilibrium equation but neglecting the 
entropy gradient; whereas the velocities computed by using the entropy 
gradient agreed closely with the data. 

2. Very close agreement was observed between data and the calcula- 
tions made by using an entropy gradient in the boundary- layer regions 
at the hub and tip; whereas the calculations which did not include the 
entropy gradient were not correct. This trend suggests that the blockage 
effect of the boundary layer can be taken into account by a design as- 
sumption of the boundary- layer stagnation-pressure profile based upon 
available boundary-layer-loss data. 
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3. Restilts of this Investigation suggest that a velocity- diagram 
design method including the effect of the estimated stagnation- pres sure 
losses on the design axial-velocity profile would give more accurate 
velocity diagrams than present methods which do not include stagnation- 
pressure losses. A velocity-diagram design method including stagnatlon- 
pressixre losses is presented in this report. 


Levis Flight Propulsion Laboratory 

National Advisory Ccmmlttee for Aeronautics 
Cleveland, Ohio, January 27, 1954 
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(a) StreamllneB indicated to "be con- (b) Streamlinee Indicated to be con- 
cave looking from casing. vex looking from casing. 

Figure 3. - Interpretation of comparlaou of measured velocities with solutions 
obtained by losing simplified radial equilibrixm Including entropy gradient. 
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(b) Peak efficiency point qp^, 0.493. 



(c) Low flow 0.375. 


Figure 4. - Blmplif ied- 2 ?adial-oq,ulllbrlum aiial-Telocity 
oomparieon after guide vanes for single-stage ocaii- 
pressor. Eotor-plus-guldo-vane investigation for 
oonfiguraticax of referenoe 4: wheel- type inlet whirl; 

rotor-inlet hub-tip ratio, 0.5; guide-vane aspect 
ratio, 2.7; 100 percent design speed. 


Dimensionless axial velocity, Dimensionless a3^al velocity 
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Figure 5. - Slmplif ied-radlal-equlll'brlum axial-velocity 
comparison after gi:^de vanes for single-stage com- 
pressor, Rotor -plus -guide -vane investigation for 
conf iguration of reference 5 (low-cambered design): 
wheel-minus -vortex inlet whirl; rotor-inlet huh-tip 
ratio, 0.5; guide-vane aspect ratio, 2.9; 100 percent 
design speed. 



Radius ratio, 

Figure 6. - SiJipllfied-radlal-equilihrlum axial-velocity 
comparison after guide vanes for single-stage com- 
pressor. Rotor-plus-guide-vcme investigation for 
configuration of reference 5 (high-cantoered design) : 
wheel -minus -vortex inlet whirl; rotor-inlet hiib-tlp 
ratio, 0.5; guide -vane aspect ratio, 2.9; 100 percent 
design speed. 
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Figure 7* - Simplified -radial -eqtiilibrluiii 
axial-velocity comparison after guide vanes 
for 10-stage con^^ressor. Multistage - 
compressor investigation for configuration 
of reference 6: wheel -minus -vortex inlet 

whirl; rotor -inlet hub -tip ratio, 0.55; 
guide-vane aspect ratio, 2.6; 90 percent 
design speed. 


O Data 

□ Simplified radial equilibrlimi 
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Figure 8. - Simplified-radial -equilibrium axial-velocity 
con 5 ?arison after guide vanes for single-stage com- 
pressor » Full-stage investigation for configuration 
of reference 7 : wheel-type inlet whirl; rotor-inlet 

hiib-tip ratio, 0,8; guide-vane aspect ratio, 0.8; 

100 percent design speed. 
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O Data 

□ Simplified radial equillTarium 
d Simplified radial equilllarl'um 
Including entropy gradient 


Radius ratio, rg/r^ 

(a) High flew 0.445. 


Figure 9. - Simplif ied-radial-equilihriuni axial-velocity 
conparison after rotor for single-stage compressor. 
Full -stage investigation for conf ig\u*ation of refer- 
ence 5 (high-cambered design) plus 65-series stator 
blades: wheel-minus -vortex inlet whirl; rotor-inlet 

hub-tip ratio, 0.5; rotor-blade aspect ratio, 2.7; 

100 percent design speed. 
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Figure 9, - Continued. Slngplifled-radlal-equlllbrlum 
axial- velocity can 5 )arlson after rotor for single-stage 
con 5 >ressor . Full-stage investigation for configura- 
tion of reference 5 (high-cambered design) plxis 65- 
serles stator blades: vheel-mlnus -vortex inlet whirl; 

rotor-inlet hub-tip ratio^ 0.5; rotor -blade aspect 
ratio. 2.7; 100 percent design speed. 





Dimensionless axial velocity, g/^t 
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Figure 9. - Conoluded. Simplified-rad ial-eq^uilitrium 
axial-velocity comparison after rotor for single-stage 
compressor. Full-stage Investigation for configura- 
tion of reference 5 ( high-cambered design) plus 65- 
series stator "blades: wheel -minus -vortex inlet whirl; 

rotor-inlet bub-tip ratio, 0.5; rotor-blade aspect 
ratio, 2.7; 100 percent design speed. 
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O Data 

O Sln 5 >llf led radial equlllbrinm 
A Simplified radial equilibritmi 
including entropy gradient 


Radius ratio, 


Figure 10. - Slnplif ied-radlal-equllibrlm axial- velocity 
comparison after rotor for single-stage conpressor. 
Full-stage investigation for configuration of refer- 
ence 5 (low-cambered design) plus 65-series stator 
blades; wheel-minus -vortex inlet whirl; rotor-inlet 
hiib-tip ratio, 0.5; rotor-blade aspect ratio, 2.7; 

100 percent design speed. 
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O Data 

□ Sin 5 )lifled radial equilibrium 
A Simplified radial equilibrium 
Inclxadlng entropy gradient 


Radius ratio, r_/r 

^ b 


Figure 11. - Sinrplif led -radial -equilibrium axial- velocity 
conrparison after first rotor for 10-stage compressor. 
Multistage-con 5 )ressor investigation for configuration 
of reference 6: vheel-minus -vortex inlet whirl; rotor- 

inlet hvib-tlp ratio, 0.55; rotor-blade aspect ratio, 
3.0; 90 percent design speed. 
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Data 

Singjlif led radial equili’briviiii 
Simplified radial equilibria 
including entropy gradient 


Radius ratio, 


Figure 12. - Simplified “radial-equilibrium axial-velocity 
comparison after rotor for single-stage compressor. 
Rotor-plus-guide-vane investigation for configuration 
of reference 5 (low-cambered design): wheel -minus- 

vortex Inlet whirl; rotor-inlet hub-tip ratio, 0.5; 
rotor-blade aspect ratio, 2.7; 100 percent design 
speed . 
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Figure 13. - Simpllf ied-radial-eq\illi'bri\mi; axial-velocity 
comparison after rotor for single-stage compressor. 
Rotor -plus -guide -vane investigation for configuration 
of reference 5 (high- cambered design) ; wheel-minxis- 
vortex inlet whirl j rotor-inlet hub-tip ratio, 0.5j 
rotor-blade aspect ratio, 2.7; 100 percent design 
speed. 
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Figure 14. - Sln^llfled-radlal-equlllbrlvim. axial- velocity 
coitgparison after rotor for single-stage con?pressor . 

Rotor investigation for configuration of reference 8: 
zero inlet whirl; rotor-inlet hub-tip ratio, 0.8; rotor- 
blade aspect ratio, 0.74; 124 percent design speed. 



Figure 15. - Sin^slifled-radial -equilibrium axial- velocity 
comparison after rotor for single-stage compressor. 
Full-stage investigation for configuration of refer- 
ence 7 (high solidity): wheel-type inlet whirl; rotor- 

inlet hub-tip ratio, 0.8; rotor-blade aspect ratio, 
0.88; 100 percent design speed. 
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Figure 16. - Slrapllf led-radlal-eq.ulllbriian axial-velocity 
comparison after rotor for single-stage compressor. 
Fnll-stage investigation for configuration of refer- 
ence 7 (medium solidity) : wheel-type inlet whirl j 

rotor-inlet hub-tip ratio, 0.8; rotor-hlade aspect 
ratio, 0.88; 100 percent design speed. 



Figure 17. - Simplif led-radial-eq,ullihrlum axial- velocity 
comparison after rotor for single-stage compressor. 
Full-stage Investigation for configuration of refer- 
ence 7 (low solidity) : wheel-type inlet whirl; rotor- 

inlet huh -tip ratio, 0.8; rotor -blade aspect ratio, 
0.88; 100 percent design speed. 


3038 





Dimensionless axial velocity 


NA.CA BM E54A20 




o 

•v 

> 



(a) Peak efficiency point cp^, 0.386. 



(b) Low flow 0.253. 


Figure 18. - Simplified-radial-eauilibrluni axial- velocity 
ccanpariBOn after stator for single-stage oampressor. 
Full- stage investigation for configuration of refer- 
ence 5 (low- cambered design) plus 65-series stator 
blades: wbeel-mlnus-vartex rotor- inlet wblrl; rotor- 

inlet hub-tip ratio, 0.5; stator-blade aspect ratio, 
2.5; 100 percent design speed. 
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Radius ratio, r^/r^ 
(t) Low flow q^, 0.288. 


Figure 19. - Sla^^llf led-radlal-equlllbriuni e«ial-veloeity 
comparison after stator for single-stage con^ressor. 
Full-stage investigation for configuration of refer- 
ence 5: wbeel-minus -vortex Inlet "whlrl| rotor-inlet 

hub-tip ratio, 0*5; stator-blade aspect ratio, 2.5; 

100 percent design speed. 
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Figure 20. - Sla^jllfled-radlal -equilibrium axial 
velocity con 5 )ariBon after first stator of 10- 
stage compressor. Multistage-compressor 
investigation for configuration of reference 6 
wheel-minus-vortex inlet whirl; rotor-inlet 
hub -tip ratio, 0.55; stator-blade aspect ratio 
2.8; 100 percent design speed. 


Dimensionless axial velocity 


44 


NACA EM E54A20 



(a) 100 Percent design speed. 



(b) 60 Percent design speed. 

Figure 21. - Slnqplified-radial-equlllbrium axial- velocity 
comparison after rotor for single-stage compressor. 
Boundary-layer investigation for configuration of ref- 
erence 9 for rotor plus guide vanes: wheel-type inlet 

whirl} rotor-inlet hub-tip ratlo^ 0.8} rotor-blade 
aspect ratio, 1.1. 
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(c) Low flow cp 3 _, 0.484; 60 percent design speed. 

Figure 22. - Concluded. Simplified-radial- 
equilibrium axial-velocity congparison after 
rotor for single-stage transonic compressor. 
Boundary-layer investigation for configura- 
tion of reference 10 for rotor plvis stators: 
zero inlet whirl; rotor -inlet hub -tip ratio, 
0.53; rotor -blade aspect ratio, 1.3. 
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Figure 24. - Sla^lifled-radlal-equlllbrluni axial-velocity 
conqparlsoTi after fifth rotor of 10-stage eonqpressor. 
Multistage Investigation for configuration of refer- 
ence 6: wheel-minus -vortex inlet whlrl| rotor-inlet 

hub-tip ratio, 0.76j rotcnr-bladi' aspect ratio, 1.7. 
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Ca) 100 Percent design speed. 



(b) 50 Percent design speed. 


Figure 25. - Slntplifled-radlal- 

equllibrium axial-velocity comparison 
after tenth rotor of 10-stage com- 
pressor. Mxiltistage investigation 
for configuration of reference 6; 
wheel-minus -vortex inlet whirl; 
rotor-inlet hub-tip ratio, 0.91; 
rotor -blade aspect ratio, 0.82. 
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including entropy gradient 


(a) Peak efficiency point *Pq, 0.689. 
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Radius ratio, r -n/ r-f. 

(b) Low flow fPg, 0.606. 


Flgixre 26. - Sl 2 i 5 )lif led-radlal-equilibrium axial- velocity 
comparison after fifth stator of 10-stage campressor. 
Multistage investigation for configuration of refer- 
ence 6; wheel-minus -vortex inlet whirl; rotor-inlet 
haib-tlp ratio, 0.76; stator-hlade aspect ratio, 1.6; 

100 percent design speed. 











